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Abstract 
Molecular dynamics (MD) simulations of proteins in a lipid bilayer environment are 
usually undertaken with one or a few starting structures. Here we report a search 
protocol for systematically exploring the possible interactions in helical bundle 
transmembrane proteins, a frequently occurring structural motif. The search protocol 
correctly identifies the experimentally known structure of the dimeric human 
glycophorin A transmembrane domain as the lowest energy structure among five 
different models without any prior assumptions, whilst an identical in vacuo search 
fails to identify the correct structure. The lowest energy structure from the search in a 
lipid bilayer has a root mean square deviation of 1.1 Å to the experimental structure. 
We have applied the same search protocol to the unknown transmembrane structure of 
the oncogenic mutant ErbB-2 protein, a member of the family of epidermal growth 
factor receptors. Resulting structures show the role of glutamic acid hydrogen 
bonding and close helical packing. Water molecules may also play a key role in 
stabilisation of the transmembrane helix association. 
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Introduction 
In contrast to the large number of known soluble protein structures, very few 
transmembrane proteins have been fully structurally resolved. Apart from the problem 
to obtain membrane proteins in sufficient quantities, solution-state NMR spectroscopy 
faces the problem of the large size of protein/lipid aggregates, while x-ray 
crystallography needs high quality diffracting crystals. Membrane proteins prove 
difficult to crystallise due to their tendency to aggregate non-specifically and the 
requirement for detergents carries a high risk that these chemicals will interfere with 
the native structure of the protein complex. With the recent advances in computer 
power, molecular modelling of proteins in lipid bilayers has found increased attention 
in an attempt to gain an insight into transmembrane protein structure [1]. 
One of the most difficult problems, and yet also one of the most important for any 
modeller, is to ensure that a sufficient area of the potential energy hyper-surface of a 
system has been explored by the simulation. In molecular terms, this means that all 
possible conformations of the model should be encountered in the simulation. Even 
with long time molecular dynamics (MD) simulations this is only possible for very 
small molecules with a few degrees of freedom. Larger systems, of course, have 
exponentially greater numbers of possible arrangements, many of which are 
extremely energetically unstable. However, increasing the number of starting states 
and systematically varying the position of those states on the energy hyper-surface 
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allows us to extensively explore all possible energetically acceptable arrangements of 
the structure. 
This has been implemented for symmetrical α-helical transmembrane oligomers, by 
systematically varying the helix rotation angle thus exploring all possible interactions 
between transmembrane helices in vacuo [2, 3]. However, only in connection with 
other experimental data has this in vacuo simulation lead to accurate experimental 
structures e.g. for the M2 proton channel of the Influenza A virus [4], the CM2 
transmembrane domain of the Influenza C virus [5] or the MHC associated invariant 
chain [6]. Site specific infrared dichroism has been proven to successfully provide 
structural data, which can be used as additional energy constraints to improve the in 
vacuo molecular dynamics simulations [7]. In vacuo MD ignores the interaction of 
explicit lipid molecules with the protein and also the effect of water molecules and 
ions added to neutralise the charges of the protein. 
Here we report the development of a search protocol, which applies MD simulations 
to transmembrane helical bundles created with systematic variation of their rotation 
angles, exploring inter-helical interactions within a lipid bilayer/water system.  
We validate this method with the transmembrane domain of Glycophorin A, a human 
sialoglycoprotein, abundantly found in erythrocytes [8, 9]. The structure of the 
transmembrane homodimeric complex is known by NMR [10, 11] and can be 
obtained from the protein databank [12]. 
We apply this method to ErbB-2, a member of the family of epidermal growth factor 
receptors [13], which are involved in mediating cell growth and differentiation [14]. 
ErbB receptors are composed of an extracellular ligand binding region, a 
transmembrane region and a cytoplasmic tyrosine kinase. Activation of the tyrosine 
kinase occurs by ligand induced dimerisation, a generally accepted activation pathway 
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for all receptor tyrosine kinases [15]. The ErbB-2 receptor in particular is activated by 
heteromeric association with other ErbB receptors which explains the fact that no high 
affinity ligand for ErbB-2 has been found [16]. The oncogene neu encodes a mutant 
ErbB-2 receptor, which contains a single Val-Glu mutation at position 664 in the 
transmembrane domain [17]. This mutation causes permanent association and 
activation of ErbB-2 that leads finally to tumour formation [18, 19] 
NMR and infrared spectroscopic studies of the mutant ErbB-2 have shown that the 
glutamic acid residue is protonated and strongly hydrogen bonded. This has lead to a 
model of the transmembrane dimer stabilised by symmetric hydrogen bonding 
between the carboxyl groups of protonated glutamic acid residues [20]. However, in 
vacuo energy minimisation conformational searches and molecular dynamics 
simulations have shown that this mode of interaction is incompatible with tight helical 
packing implying a different mode of dimer stabilisation [21, 22]. 
Here we systematically explore molecular interactions of different rotations of the 
transmembrane helical dimer of mutant ErbB-2 by MD simulations in an explicit lipid 
bilayer environment leading to possible models of the transmembrane structure. 
 
Methodology 
An overview of the procedure is given in the flowchart in figure 1. 
 
Generation of Peptide Helical Oligomers 
In this study, the transmembrane peptide segments of both the mutant ErbB-2 protein 
(residues 652-684 RASPVTFIIATVEGVLLFLILVVVVGILIIKRRR) with 
protonated glutamic acid and the Glycophorin A protein (residues 70-96 
EPEITLIIFGVMAGVIGTILLISYGIR) and were used. As starting structures helical 
dimers were generated using a modified version of the CHI suite of programs for 
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CNS-SOLVE [23-25], rotating the helices symmetrically through 360º in increments 
of 10º for left and right-handed dimers with crossing angles of +25° and -25° 
respectively, thus producing 72 different structures. For each rotation the structure 
was produced four times, in order to perform MD simulations in a lipid bilayer with 
various random initial atom velocities, giving a total of 288 starting structures. Note 
than an asymmetric search protocol would produce 36 x 288 structures, which we 
considered as computationally too expensive, while previous studies have indicated 
that the symmetric search is sufficient for α-helical oligomers [2]. Individual CHI 
programs have been modified in order to remove the in vacuo MD simulations, while 
the interface to the GROMACS software is provided by in-house developed 
programs, which are available on request. 
 
Lipid bilayer MD simulations 
We obtained a lipid bilayer with 128 DMPC molecules, pre-equilibrated with 20ns of 
MD [26] and removed four to six DMPC molecules from the centre, which had a 
maximum distance to the peptide structure of 0.03 Å (any water molecules present 
within this radius were also removed). Then a cylindrical hole of 1.6 nm radius was 
created during 30 ps of MD simulation using an outwards directed force on the lipid 
molecules [27]. Each peptide starting structure was inserted into this hole after 
removing overlapping lipid and water molecules (exclusion distance of 0.02 Å). After 
addition of counterions to neutralise the charge, the system was subjected to 100 ps of 
MD simulation with position restraints on the peptide molecule to allow equilibration 
of the surrounding lipid and water molecules, similar to other studies which used 50ps 
equilibration time [27]. Then the system was energy minimised and subjected to 200 
ps unrestrained MD simulations at 298 K followed by another energy minimisation. 
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The simulations were conducted with periodic boundary conditions, Berendsen 
temperature coupling and pressure coupling [28] and bond-lengths were constrained 
with the LINCS algorithm allowing a time step of 2 fs [29]. Electrostatic interactions 
were treated with a twin-range cut-off method of 1.8 nm/1.0 nm and Van-der-Waal’s 
interactions were calculated with a cut-off radius of  1.0 nm. Other more exact 
treatments of electrostatic interactions exist, e.g. Ewald mesh methods, which may 
induce artificial periodicity that may influence peptide conformation [30], but we 
chose the faster twin-range cut-off method allowing us to carry out MD simulation of 
288 structures within reasonable time. However, we used a higher cut-off radius of 
1.8 nm compared to 1.7 nm in comparable lipid bilayer studies [31].. 
 All MD simulations were conducted with the GROMACS software [32, 33] using the 
GROMOS-87 forcefield [34] modified with additional forcefield parameters for lipid 
molecules [35, 36]  (later versions of this forcefield do not currently possess 
parameters for lipid molecules). Simulations were performed in parallel on an 8-node 
dual processor LINUX cluster with Intel Xeon 2.66 GHz processors (Streamline 
Computing, Warwick UK).  
 
Clustering of Structures 
Clusters of similar protein structures were identified based on the criterion that the 
root mean square deviation (RMSD) of Cα atoms was equal or less than 2Å between 
each of the cluster members and at least 10 structures contributed to each cluster. For 
each cluster an average structure was calculated. Each averaged structure was inserted 
into a DMPC bilayer as described above and the same simulation procedure described 
above was performed on each system, but extending the unrestrained MD simulation 
time to 500 ps. 
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Analysis of Output 
After simulation of the average structures, each resulting model was analysed 
according to the energy arising from non-covalent interactions including interactions 
with lipid and water molecules, crossing angle and rotation angle. RMSD 
comparisons of the experimental structure (protein data bank number: 1AFO.pdb) and 
MD simulated models of Glycophorin A were performed using the SWISS-PDB 
viewer [37]. Rotational plots were produced using the Mathematica software [38]. 
Images of the structures were created using the VMD molecular viewer [39]. 
 
Results and Discussion 
Dimer of Glycophorin A 
After 200 ps MD simulation of the 288 structures (figure 2) 7 clusters of similar 
structures were found and calculated cluster average structures were again subjected 
to a longer MD simulation of 500 ps followed by energy minimisation. The resulting 
average structures are also plotted in figure 2 with respect to energy and helix 
rotation. Encouragingly the lowest energy cluster structure 3 gives a backbone RMSD 
of 1.1 Å to the experimentally resolved NMR structure. This structure has a helix 
rotation angle of 36° with respect to starting structure, the helices cross right-handed 
with an average tilt relative to the bilayer normal of 17° (Table 1). The measured 
crossing angle was 31.2°, similar to that observed in lipid bilayers [11]. The bulky 
aromatic residues are on the exterior of the helix dimer, minimising steric clashes. 
Hydrogen bonding interactions occur between threonine residues at position 87 and 
backbone carbonyl oxygen atoms. The methionine groups protrude into the lipid 
environment, whilst valine residues form a groove at the interface allowing for close 
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packing of the glycine residue on the opposite helix at the dimer interface as 
previously shown by NMR spectroscopy [10]. Three other clusters exist with similar 
rotation, crossing and tilt angles to the lowest energy cluster, but these appear to lack 
the tight packing seen in the global minimum.   These two clusters were created from 
a greater number of structures than the global minimum, containing a wider range of 
rotational angles. It is possible that because of this the averages created in these cases 
were less able to pack tightly during MD simulation (Table 1, Figure 2). This finding 
also demonstrates the importance of the tight glycine packing in the stability of the 
experimental structure, as previously indicated [10]. 
By contrast, the same in vacuo search protocol revealed the lowest energy cluster 
average structure at a completely different angle of rotation and a backbone RMSD of 
3.92 Å to the experimental structure. A structure similar to the NMR structure was 
found at a rotation similar to that of the lipid search global minimum, possessing a 
backbone RMSD of 0.87 Å; but this structure was significantly higher in energy (data 
not shown). Therefore it can be deduced from this work that helical searching 
protocols require an explicit description of the surrounding medium. The effect of 
favourable and unfavourable lipid-peptide molecular interactions and the steric 
hindrance caused by the lipid chains themselves will to a degree contribute to the 
stability of each possible structure. A recent study highlights this, showing that the 
Glycophorin A NMR structure adopts varying tilts and crossing angles in a variety of 
lipid types following long MD simulations [40]. 
 
ErbB-2 dimer 
The lipid search protocol yielded three specific low energy structures (Table 2, Figure 
3) at rotation angles of 10°, 161° and 260°. The two lowest energy structures have 
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helical crossing angles of approximately 40°, whereas the third lowest has a crossing 
angle of 38°. All three structures possessed a helix tilt of approximately 20° with 
respect to the bilayer normal. 
Two structures, cluster 3 and cluster 4, involved protrusion of the protonated glutamic 
acid residues into the surrounding lipid environment (Figure 4b and 4c). This 
‘protruding’ arrangement is contrary to that previously predicted [20] and it is unusual 
that polar side-chains are immersed in the lipid membrane. These particular rotations 
appear to satisfy packing constraints at the helical interface, as there is no significant 
distortion in the monomers. It is also possible for the polar glutamic acid residues to 
be stabilised by interaction with water molecules at the bilayer interface and with 
polar lipid head groups. The lowest energy structure (cluster 3) shows tight packing 
throughout the entire structure, whereas the packing in cluster 4 is to a certain extent 
lost in the glutamic acid region of the peptide. At the particular rotation of cluster 3, 
threonine and serine residues are able to participate in inter-helical hydrogen bonding 
interactions, possibly resulting in tighter packing and adding a greater degree of 
stability to this complex. It also appears that with this structure, although the 
phenylalanine groups are at the interface of the dimer, the adopted rotation of the 
helices allows for favourable packing of these residues. Many structures with similar 
starting rotational angles are likely to have adopted this final structure after MD 
simulation because their starting position would have caused steric clashes.  The fact 
that this cluster contained a larger number of structures than any other cluster 
strengthens this hypothesis further (Figure 3). 
In the other low energy structure (cluster 1 – Figure 4a), the rotation of the peptide 
helices was such that the protonated glutamic acid residues were both located in 
contact faces of the helices, and hence able to interact. In this arrangement the 
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protonated glutamic acid residues are present in or directly next to the dimer interface 
of the complex. Close examination of this area of the model shows possible 
interaction between the glutamic acid of one peptide and the carbonyl oxygens of the 
opposite peptide backbone whilst the other glutamic acid residue interacts with 
carbonyl oxygens on its own backbone (Figure 4a.).  This hydrogen bonding 
interaction appears to be dictated to a degree by packing constraints such that the 
inter-helical interacting glutamic acid residue is able to sit in a ‘pocket’ created by 
leucine residues and the other glutamic acid residue. Inter-helical packing in this 
cluster also appears to be relatively uniform except that in this case the packing 
appears tightest around the glutamic acid region of the peptide and is less tight in 
other areas.  
Existing models point to two types of inter-helical hydrogen bonding interaction, 
directly between the two carboxyl groups of glutamic acid side-chains [20] or 
between glutamic acid residues and carbonyl oxygens on the peptide backbone itself 
[20, 21, 41]. In the case of this study, it is elements of the latter that have been 
observed using this search method, in that there is one inter-helical glutamic acid to 
carbonyl oxygen interaction observed in the final structure. However, it was observed 
during the MD simulation that two interactions existed for short periods of time (data 
not shown), indicating that the glutamic acid residues have considerable flexibility at 
the helical interface. A direct Glu-Glu interaction, which was not observed, is likely to 
result in the loss of a large portion of the helix packing, particularly in the glutamic 
acid region of the peptide and recent studies have suggested that this is not the inter-
helical interaction observed in ErbB-2 [21, 22, 42]. Long MD simulations of selected 
rotations of the similar mutated human ErbB-2 transmembrane segment with glutamic 
acid residues at the helix interface, run for several nanoseconds in a lipid bilayer, have 
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suggested that the formation of Glu-Glu hydrogen bonds may be restricted by the 
bilayer environment [43]. 
Another important observation is the ability of individual water molecules to move 
from the water phase into the area of the transmembrane region of the ErbB-2 peptide, 
and interact with glutamic acid or other polar residues, as shown in Figure 5  (no 
water molecules were present in the bilayer region prior to MD simulation). This 
effect may be a factor in reducing the affinity of direct Glu-Glu and Glu-backbone 
hydrogen bonds. The possible interaction of water with protonated glutamic acid in 
this environment has previously been suggested by long MD simulations of the 
mutated human ErbB-2 transmembrane peptide in an explicit lipid bilayer [43, 44]. 
Recent work has also suggested that water may be a key factor in the dimerisation 
process of the mutant ErbB-2 domain [45].  
Unlike Glycophorin A, the atomic structure of the mutant ErbB-2 transmembrane 
domain is not known but only a limited set of structural aspects. The key observation 
here is the presence of glutamic acid hydrogen bonds and the close proximity of these 
residues to the interface between the helices [20]. Based on this data, it would appear 
that cluster 1 is the closest to the experimental structure, although this is not the global 
minimum. Also, recent studies have indicated that small and/or polar residues are 
more likely to occur in helical interfaces than other amino acids [46]. However, the 
presence of several energetically stable structural arrangements would indicate that 
glutamic acid H-bonding is not the sole factor in the determination of inter-helical 
association and other factors can compensate for the loss of this particular interaction. 
The Glycophorin A structure can be correctly deduced from this method, which is due 
to the well defined GXXXG packing motif in the transmembrane domain [9, 47], 
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whereas in mutant ErbB-2 numerous inter-helical associations lead to energy minima 
and MD alone is insufficient to distinguish between them. 
 
Conclusion 
This work reports the development of a systematic search of symmetrical 
transmembrane helical bundles in an explicit lipid bilayer environment. While 
parameters such as translation along the helical axis and inter-helical separation are 
not systematically explored, they are allowed to vary  during unrestrainded MD 
simulation. Certain effects, such as the initial association of the helices and the 
subsequent lateral movement of the oligomeric complex in the bilayer, occur over 
many nanoseconds [48] and therefore cannot be simulated in the time-frames used in 
this study. The focus of this study is therefore on inter-helical interactions and the 
relative energetic comparisons of differing helical rotations.  
This method accurately predicts the structure of Glycophorin A without any 
assumptions, while previous similar in vacuo approaches have relied on experimental 
data [3].  
We have applied this new method to the transmembrane domain of the mutant ErbB-2 
dimer. For this search we have obtained several possible structures, one of which 
displays interactions similar to those previously predicted.. The possible role played 
by water molecules also highlights the necessity to include an explicit lipid/water 
system in these searches. However, it appears that a definite answer about the 
structure of the mutant ErbB-2 transmembrane domain would require additional 
experimental data about helix rotation and tilt angle as it can be obtained by site 
specific infrared dichroism [7]. 
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Table 1: Orientational data and energies for cluster averages of Glycophorin A. The 
lowest energy structure (cluster 3) is indicated in bold.  
Glycophorin 
A Cluster 
Number of 
Structures  
Rotational 
Angle 
Crossing 
Angle  Tilt Angle 
Energy / KJ 
mol-1
1 12 356.7° 29.8° 20.3°  -642.1 
2 12 212.1° 20.6° 11.9° -626.0 
3 11 36.2° -31.2° 17.4° -671.6 
4 15 41.2° -37.4° 17.4°  -621.2a
5 16 31.0° -31.8° 20.6°  -621.1a
6 12 136.3° -27.6° 14.4° -621.4 
7 12 317.1° -31.2° 12.4° -611.7 
 
a These structures have similar rotation, tilt and crossing angles to cluster 3 but 
packing is not as tight. 
 
 
Table 2: Orientational data and energies for cluster averages of mutant ErbB-2 
protein, the three lowest energy structures are indicated in bold. 
Erb-B2 
Cluster 
Number of 
Structures 
Rotational 
Angle 
Crossing 
Angle Tilt Angle 
Energy / KJ 
mol -1
1 12 10.7° 39.4° 22.7°    -361.9a
2 12 44.8° 27.6° 17.3° -199.8 
3 16 161.9° 43.2° 20.1° -406.5 
4 12 260.1° 29.2° 21.6° -341.1 
5 12 105.5° -38.4° 21.1° -177.7 
6 12 189.1° -27.8° 14.2° -127.2 
7 12 163.6° -29.4° 13.3°      -262.9 
 
a Closest to currently available experimental data [20] 
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Figure 1: Flowchart giving an overview of the search protocol employed. Only the 
major simulation steps are shown, leaving out energy minimisation steps and data 
analysis.  
 
Figure 2A: Polar plot of the energies of structures obtained from glycophorin A MD 
simulations in dependence of the helix rotation angle φ. The distance from the centre 
indicates negative energy (E) in kJ/mol. Each individual structure is indicated by a 
triangle, while cluster average structures are shown as numbered circles. The arcs 
represent the movement of structures with respect to the helix rotation angle φ during 
the simulation.  
B: The structure defining the helix rotation φ=0° is shown in the helical wheel 
diagram.  
 
Figure 3: Polar plot of the energies of structures obtained from ErbB-2 MD 
simulations in dependence of the helix rotation angle φ. For explanations see fig 1. 
 
Figure 4: The three lowest energy structures (cluster averages) from the ErbB-2 
simulation highlighting glutamic acid 664 in the right panel. (a) cluster 1, (b) cluster 
3, (c) cluster 4. 
 
Figure 5: The hydrogen bonding arrangements around the glutamic acid 664 residues 
in cluster 1 following MD simulation. Water molecules enter the bilayer region and 
interact with protonated Glutamic acid. Glu residues and interacting water molecules 
are highlighted. 
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